Background
Mechanical thrombectomy of the cerebral arteries is a method used for acute ischemic stroke therapy, with technical success rates of between 80-90% reported for large vessel occlusion recanalization following failed intravenous thrombolysis [1] [2] [3] [4] [5] [6] [7] [8] .
The most frequently used methods for mechanical intracranial thrombus extraction in large vessel occlusion include a direct aspiration first pass technique (ADAPT), stent retrievers, the Penumbra system for mechanical thrombectomy by aspiration, a direct aspiration first pass technique, or thromboaspiration using the Solumbra procedure [1] [2] [3] [4] [5] [6] [7] [8] . A meta-analysis of mechanical thrombectomy clinical trials showed that the probability of recovery is twice as high in patients treated with mechanical thrombectomy compared with that in patients treated with systemic thrombolysis alone [9] . However, several other meta-analysis reports have shown that mechanical thrombectomy fails clinically in between 30-40% of treated patients [10] [11] [12] [13] . From a clinical point of view, it is essential to determine the significant clinical, hematological, and immunological, predictors of mechanical thrombectomy success or failure, as well as the constituents of the removed thrombus, and to evaluate the clinical outcome at three months following treatment [14] [15] [16] . In some patients, achieving vessel recanalization may not be possible, and in other patients, extensive cerebral infarction can occur, despite successful mechanical recanalization.
Patients with heart rhythm disturbances that result in cerebral thrombo-embolism have been reported, in between 50-60% of cases, with prothrombotic changes and abnormalities in hemostasis, and arrhythmias lead to thrombus formation and thromboembolic occlusion of the cerebral arteries [17, 18] . An impaired prognosis is associated with increased thrombus adhesion to the vessel wall and with increased levels of von Willebrand factor (vWF) and there is also a pro-thrombotic effect of the local vascular inflammatory response to a recent and occlusive embolic thrombus [19] [20] [21] .
It has been shown that vWF plays a major role in platelet adhesion to damaged endothelium and directly binds extracellular DNA released from leukocytes, mediating leukocyte binding to endothelial cells, resulting in increased vascular permeability [22, 23] . Large-sized vWF multimers released from damaged endothelium are cleaved into smaller, less-coagulant forms, by the metalloprotease, ADAMTS13 [24] [25] [26] . With decreased ADAMTS13 activity, these large vWF multimers may not be sufficiently lyzed, which can alter the effects of vWF in thrombus formation, adhesion of thromboembolus to the cerebral artery endothelial cells, leukocyte recruitment, and vascular permeability around an occlusive thromboembolus [24] [25] [26] .
This study design aimed to determine the significance of elevated vWF, and reduced ADAMTS13 activity, in the clinical outcome of patients with acute stroke, using the National Institutes of Health Stroke Score (NIHSS) on hospital admission, length of the embolus extraction procedure, Treatment in Cerebral Ischemia (TICI) score for recanalization, and the three-month modified Rankin Scale and thrombus composition [27, 28] . This study also was designed to investigate the potential role of the inflammatory response to thromboembolism in the acute and later stages of ischemic stroke [16, 29, 30] . Therefore the study included the histological examination of the extracted thromboemboli, as well as the levels of vWF (and the activity of ADAMTS13 [15, 31, 32] .
The aim of the study was to determine the role of von Willebrand factor (vWF), and the von Willebrand factor-cleaving protease, ADAMTS13, and the composition of thrombus and patient outcome following mechanical cerebral artery thrombectomy in patients with ischemic stroke treated with and without intravenous thrombolysis.
Material and Methods

Study design
The design of this study was approved by the local ethical committee (Ref: 639/2017). All patients provided written informed consent to participate in the study. A prospective cohort study included 131 consecutive patients with acute ischemic stroke, having occurred within <6 hours, with or without the use of intravenous thrombolysis using recombinant tissue plasminogen activator (rtPA) (Actilyse, Boehringer Ingelheim, Germany). Following a mechanical thrombectomy procedure all patients included in the study had confirmed large vessel thromboembolic occlusion, and their neurological clinical status was assessed with the National Institutes of Health Stroke Scale (NIHSS) obtained on hospital admission, after 24 hours, at day 7, and finally, at three months, using the three-month modified Rankin Scale.
Time indicators of acute ischemic stroke and hospital admission included onset-to-door (OTD), door-to-needle (DTN), onset-to-needle (OTN), and onset-to-recanalization (OTR) were evaluated. Early ischemic changes and collateral circulation were assessed by the Alberta Stroke Program for Early CT Score (ASPECTS). Computed tomography angiography (CTA), or digital subtraction angiography (DSA), was used for localization of large cerebral vessel occlusion and measurement of thrombus length. mechanical attempts, type of procedure, and procedure duration. The thromboemboli extracted using mechanical thrombectomy were immediately placed into a transport vial containing the fixative, 10% formalin, and transferred to the laboratory for processing for light microscopy and immunohistochemistry. At the same time, 40 ml of peripheral blood was collected from each patient to examine blood levels of on Willebrand factor (vWF), the von Willebrand factor-cleaving protease, ADAMTS13, and other coagulation factors and inflammatory mediators, using routine clinical laboratory standards and techniques, prior to initiation of the mechanical interventional procedure and later on day 5±2 days from the onset of the acute ischemic stroke.
Study population
A total of 131 patients, 69 men (53%) and 62 women (47%), with a median of age 71 years (IDR, 53-82 years) underwent mechanical thrombectomy for cerebral large vessel occlusion. Intravenous thrombolysis therapy was used in 101 (78%) patients, which failed to result in vessel recanalization. The Alberta Stroke Program for Early CT Score (ASPECTS) findings were in the IDR of 6-10 points in 129 patients (99%), and the ASPECTS scoring IDR was 3-5 points in 69% of patients, with collateral circulation, analyzed from the initial CTA imaging findings. Time parameters were obtained for all patients; the median of the time from the stroke onset to the mechanical thrombectomy procedure was 160 minutes (IDR: 100-270 min), and the median of procedure duration was 45 minutes (IDR: 25-85 min). Demographic variables, risk factors, and procedure description variables are shown in Table 1 .
Mechanical interventions
Mechanical thrombectomy with a stent retriever, Penumbra aspiration device, or combination techniques was performed in the University Hospital Ostrava, Interventional Neuroradiology and Angiology Department, Czech Republic. A GE-Innova IGS 630 biplane system (GE Healthcare, Buc, France) was used for brain and vascular imaging of mechanical intervention and post-procedure three-dimensional (3D) X-ray angiography reconstruction.
Large vessel occlusions were recanalized with a pRESET thrombectomy device (Phenox GmbH, Bochum, Germany), Catch retriever (Balt Extrusion, Montmorency, France), Solitaire stent retriever (Medtronic, Dublin, Ireland), or Penumbra aspiration system (Penumbra, Inc., Alameda, CA, USA). Cerebral vessels were accessed using a Flexor 6-7 F/90 cm guiding sheath (Cook Medical, Bjaeverskov, Denmark) or Terumo Destination guiding catheter (Terumo Medical Corp., Elkton, MD, USA). Large vessel occlusions were traversed with the Prowler Select Plus microcatheter (Codman & Shurtleff Inc., Raynham, MA, USA) over several types of 0.014" microwires. For the thrombus aspiration technique, ACE64 and 3MAX Penumbra catheters were used with the original suction pump. The type of anesthesia was recorded during the procedure, intravenous analgosedation with a laryngeal mask, or general anesthesia.
Analysis of hemostasis
Blood samples were collected from all patients before commencing the mechanical endovascular procedure and before the use of intra-arterial administration of heparin. Blood samples were analyzed for complete blood count (CBC) and reticulocytes using a Sysmex XN 9000 (Sysmex Corporation, Norderstedt, Germany). The coagulation tests, prothrombin time (PTT), activated partial thromboplastin time (APTT), thrombin time (TT), fibrinogen, and Factor VIII (FVIII), were measured on a fully automated blood analyzer (Siemens CS-5100) with Dade Innovin for PT, Pathromtin SL for APTT, Thromboclotin for TT, Dade Thrombin Reagent for fibrinogen, and Coagulation Factor VIII Deficient Plasma for FVIII. Immunoassay methods for D-dimers and vWF were conducted using Innovance D-dimers and Siemens vWF/Ag (Siemens Healthcare Diagnostics, Erlangen, Germany). ADAMTS13 activity was determined in citrated double-spun, platelet-poor plasma using the commercial Technozym ® ADAMTS13 chromogenic enzyme-linked immunosorbent assay (ELISA) method (Technoclone, Vienna, Austria), according to the manufacturer's instructions.
Blood and serum analysis
The following parameters were determined prior to the mechanical interventional procedure and 5±2 days after the procedure. White blood cell (WBC) count and a differential were performed on the Sysmex XN2000 analyzer with Sysmex diagnostics. Lymphocyte subpopulations in peripheral blood were analyzed using a Navios flow cytometer and Beckman-Coulter 
Histopathology
Thrombus material obtained during mechanical thrombus extraction was fixed in 10% phosphate-buffered formalin. Formalin-fixed specimens were embedded in paraffin wax, sectioned at 4 µm thickness, and stained with hematoxylin and eosin (H&E). Primary antibodies against vWF and CD31 were used to identify neutrophils and monocytes; anti-CD15 was used to identify neutrophils, eosinophils, and some monocytes; and Carstairs' histochemical method was used to identify platelets and fibrin. Histological examination was performed without knowledge of the clinical findings and was based on detection analysis of vWF, platelet and fibrin accumulation, as well as neutrophil and monocyte deposits and erythrocyte-rich areas. The percentages of platelets, vWF-stained areas, fibrin, and CD31-positive cells were quantitatively determined. Histological sections were photographed with an Olympus BX41 microscope with an attached QuickPHOTO CAMERA (PROMICRA, Prague, Czech Republic). The positive immunostained results were quantified digitally using scanning digital photomicroscopy and processing with QuickPHOTO CAMERA software as a percentage of the total area of the digital image. Objective images were evaluated at ×4 and ×10 objective magnification for the measurement of positively immunostained stained areas in square centimeters, with the average of five measurements from different sample areas within the sections.
Statistical analysis
For univariate description of variables, the median and the interdecile range (IDR) was used, because of the occurrence of several outliers that could have affected the analysis. For graphical representation, boxplots were used, which were useful for exploring the structure of selected variables and effective graphical comparison of several groups of interest. Depending on the nature of the data, the Mann-Whitney U test, paired sign test, or Kruskal-Wallis test were used to evaluate statistically significant differences between groups.
The assessment of relationships between two variables used computation of the Spearman's rank correlation coefficient, with correlograms used to display better the relationships evaluated (significance level 0.05). The odds ratio (OR), a widely used measure of the association between the presence of a risk factor and outcome, was used and the Chi-square test of independence or Fisher's exact test were used, where relevant.
Results
Study population
Of the 131 patients included in the study, men and women did not differ in terms of age distribution (P=0.239), or threemonth modified Rankin Scale score (P=0.706), but younger patients fared better on the three-month modified Rankin Scale score (P=0.007) ( Figure 1 ). The right hemisphere was involved in acute ischemic stroke in 49 patients, the left hemisphere in 63 patients, and the posterior cerebral circulation was involved in 17 patients. Hypertension was clinically diagnosed in 99 patients (79%), and patients without hypertension had significantly increased odds of achieving a better clinical outcome (OR 3.33; 95% CI, 1.17-9.52; P=0.026) ( Table 1) .
Mechanical thrombectomy
A mechanical thrombectomy procedure was carried out in acute ischemic stroke patients with large vessel occlusion, with or without previous intravenous thrombolysis before hospital admission. The selected time parameters after stroke inception to interventional procedures were reported in minutes ( Table 1) . The three-month modified Rankin Scale scores did not differ Age by three-month modified Rankin Scale score Multiple boxplots show whether patients with better three-month modified Rankin Scale score (3M-mRS) were younger or older than patients with worse three-month modified Rankin Scale score. There was a significant difference in terms of the age of all patients with reference to the three-month modified Rankin Scale score (P=0.007).
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Indexed with different mechanical thromboembolism extraction devices (stent retrievers or aspiration devices) (P=0.98) (Figure 2A ). Intravenous thrombolysis was used prior to the mechanical interventional procedure in 101 (78%) patients, and intravenous thrombolysis was not used in 29 (22%) patients; these groups did not differ in terms of the three-month modified Rankin Scale scores for clinical outcome (P=0.459) ( Figure 2B ). Treatment resulted in a Treatment in Cerebral Ischemia (TICI) score of 2-3 for recanalization in 115 (89%) of patients, while a TICI score of 0-1 was found in 14 (11%) patients, and these groups differed significantly in terms of the three-month modified Rankin Scale scores (P=0.027) ( Figure 2C ) ( Table 2) . Patient overall mortality rate was 21% (Table 2 ).
Blood coagulation
Hemocoagulation and the associated inflammation response analysis data are shown in Tables 3-6 . Patients with a National Institutes of Health Stroke Scale (NIHSS) score >15 had significantly increased levels of vWF antigen (%) (P=0.003) on hospital admission for acute stroke therapy (median: 216; IDR: 137-374); patients with an NIHSS £15 had significantly lower vWF levels (median: 175; IDR: 132-276). Also, patients with lower three-month modified Rankin Scale scores of 3-6 had significantly increased levels of vWF (P<0.001) (median: 225; IDR: 160-379) compared with vWF levels in patients with threemonth modified Rankin Scale scores of 0-2 (median: 174; IDR: 118-298) ( In the evaluation of vWF levels, patient blood type was also a consideration [33] . In the patient study population, significantly lower vWF levels (P=0. (P=0.18), possibly because some patients with atrial fibrillation (AF) were on warfarin therapy.
There was no significant difference in ADAMTS13 levels between patients with an NIHSS score >15 and patients with an NIHSS score £15 (P=0.601) ( Table 3) . No significant difference in ADAMTS13 levels was found in patients with TICI scores of 0-1 when compared with patients with TICI scores of 2-3 (P=0.258). However, patients with three-month modified Rankin Scale scores of 3-6 had significantly increased levels of ADAMTS13 (P=0.047) (median: 78; IDR: 20-101) compared with patients with three-month modified Rankin Scale scores of 0-2 (median: 66; IDR: 15-93) (Table 4) . Also, patients with severe neurological deficit, who has an NIHSS >15 before starting the mechanical interventional procedure had significantly increased vWF: ADAMTS13 ratios (P=0.038) (median: 3.0; IDR:
1.9-15.9) compared with the vWF: ADAMTS13 ratio in patients who has an NIHSS £15 (median: 2.5; IDR: 1.5-7.9) ( Table 3) .
Inflammatory response
Ischemia caused vascular thrombosis or thromboembolism results in serious homeostatic disruption of the affected tissue that results in an immune response. Following removal of the thrombus from the cerebral arteries supplying the brain, the total WBC count decreased slightly from the time of the procedure (median: 9.1; IDR: 6.1-13.0) to 2-5 days after mechanical removal (median: 8.8; IDR: 6.2-12.9) because of a significant decline in neutrophil count (P<0.001) from median 6.8 (IDR: 4.4-11.0) to median 5.8 (IDR: 3.9-9.9). The cell counts of monocytes, which are antigen-presenting cells, and their activated forms progressively increased, and cell counts of lymphocytes and eosinophils modulating the adaptive and immediate hypersensitivity reaction were also increased (Table 6 ).
Patients with a TICI score of 2-3 had an improved outcome, and had a significantly lower neutrophil count (P=0.006) (median: 5.6; IDR: 3.8-9.3) 5 ± 2 days after the procedure, compared with patients with a TICI score of 0-1 (median: 8.3; IDR: 5.1-11.0 (Table 6 ). This outcome corresponded to a significantly increased neutrophil count (P=0.002) in patients with NIHSS >15, 5±2 days after the procedure (median: 9.1; IDR: 4.6-11.0) compared with patients with NIHSS £15 (median: 5.7; IDR: 3.8-9.0). The cell counts of total T-cells, helper T-cells, and cytotoxic T-cells were significantly lower (P=0.005, P=0.013, P=0.041, respectively) in patients with NIHSS >15 compared with those with NIHSS £15. The same trend was observed for cell counts of total T-cells and their subpopulation of helper T-cells between patients with three-month modified Rankin Scale scores of 3-6 and three-month modified Rankin Scale scores of 0-2 (P=0.006 and P=0.006, respectively) ( Table 5 ).
Histopathology of the thrombus
Recanalization of the cerebral artery was successful in 115/131 patients (89%) from whom, 90 samples of thrombus were extracted, fixed, sectioned and analyzed histologically by light microscopy ( Figure 3 ). From these samples of thrombus, it was possible to analyze five different areas in 79 samples via Carstairs' histochemical staining technique for platelets, which involved measuring the area of positive staining digitally on the image displayed on the monitor. The same method was used to analyze 84 samples (with more than three measurements from a single sample) for the immunostaining for the CD31 marker and 85 samples were analyzed immunohistochemically for the vWF marker. The analysis of the cellular composition of the extracted thrombi was done with the data from the use of intravenous thrombolysis administration prior to thrombectomy, TICI recanalization output, three-month modified Rankin Scale scores outcome, and plasma vWF measurements.
A large number of neutrophils were present in the surface layer of the extracted arterial thrombus (Figure 3 ). These thromboemboli also had an increased area of vWF-positive immunostaining ( Figure 3) . A significantly increased number of platelets were present in the mechanically extracted thrombi in patients with a TICI score of 2-3 compared with those with a TICI score of 0-1 (P=0.003). Thrombus samples from patients previously treated with intravenous thrombolysis had less fibrin (P=0.04) and fewer CD31-positive cells (P=0.056), although the reduction in CD31-positive immunostaining was not statistically significant.
Spearman's rank correlation coefficients showed a significant relationship between plasma vWF and the vWF found in the thromboembolus (r=0.32), platelets (r=0.24), or fibrin (r=0.26). Also, in the thromboembolus structure, the area of immunostained vWF correlated with platelet count (r=0.53), CD31-positive cells (r=0.38), and fibrin (r=0.48), as did the amount of all CD31-positive cells with the number of neutrophils in the thrombus (r=0.68) (Figure 4 .A). Spearman's rank correlation coefficient showed a significantly positive relationship between D-dimer levels and plasma vWF levels (r=0.21), as well as three-month modified Rankin Scale scores (r=0.23) ( Figure 4A ). Also, there were significant correlations between blood neutrophil levels and vWF levels within the thrombus (r=0.24), the numbers of natural killer (NK) cells and the fibrin content of the thrombus (r=-0.26), and the numbers of lymphocytes and the fibrin content of the thrombus (r=-0.24) ( Figure 4B ).
Discussion
The aim of the study was to evaluate the role of von Willebrand factor (vWF), the vWF-cleaving protease, ADAMTS13, the composition of thrombus, and patient outcome following mechanical cerebral artery thrombectomy in patients with acute ischemic stroke. Successful recanalization with a Treatment in Cerebral Ischemia (TICI) score of 2-3 of the large vessel occlusion was obtained in 89% (115/131) of patients, with a good clinical outcome as shown by three-month modified Rankin Scale scores of 0-2 in 47% (49/131) of cases. There was no significant difference in clinical outcome between patients with or without previous administration of intravenous thrombolysis for large vessel cerebral artery thromboembolic occlusion treated with mechanical thrombectomy, and no significant difference in patient outcome between the types of mechanical extraction device used. The TICI score of 2-3 played an important role in the clinical evaluation of patients in this study and was associated with a significantly improved clinical outcome following mechanical cerebral artery thrombectomy in patients with acute ischemic stroke.
The findings of this study identified significantly increased plasma vWF in patients with worse clinical findings when assessed by the National Institutes of Health Stroke Scale (NIHSS) who had a score >15 before the mechanical thrombectomy procedure and in patients with a three-month modified Rankin Scale scores of 3-6, three months after the treatment. In addition to these findings, this study showed that an increased level of vWF in the removed thromboembolic material was significantly associated with a worse patient clinical condition before the interventional procedure and a worse clinical outcome at three months following the mechanical intervention. These findings are supported by previously published studies that have shown an increased vWF level to be an independent risk factor for thrombus formation, for example in the left atrium, and thromboembolic stroke [24, 34, 35] . by an Olympus dotSlide BX51 virtual microscope (×20). In the right column, photomicrographs show selected sections stained with hematoxylin and eosin (H&E) and show a large number of neutrophils in the surface of the thrombus. Carstairs' histochemical staining method for fibrin and platelets shows fibrin in orange-red, and platelets in light grey.
Immunohistochemistry for the endothelial cell marker, CD31, is stained light blue; positive immunohistochemistry staining for von Willebrand factor (vWF) was mainly located at the thrombus surface, with granulocytes near the vWF-stained areas.
Immunohistochemical staining for CD15 is positive for myelomonocytes (neutrophils and eosinophils).
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Indexed Reduction of ADAMTS13 activity occurs because of increased consumption, which may affect the degradation of ultra-large vWF multimers, which can influence vWF behavior [25] . In connection with an elevated vWF level, the vWF: ADAMTS13 ratio in this study was significantly increased in patients with a worse clinical outcome, and an NIHSS score >15 at the time of stroke onset, compared with patients with an NIHSS score £15. Small changes in ADAMTS13 activity are unlikely to have affected these results, and the implication is that in patients with acute thromboembolic ischemic stroke following mechanical intervention, daily monitoring of vWF levels might be sufficient, but with consideration of the limited specificity of total vWF, which can be increased in patients with other clinical conditions, such as diabetes, obesity, and hypertension [20, 36, 37] .
In this study, the evaluation of D-dimers was shown to be affected by patient age, which is a finding supported by previously published studies [38, 39] . In this study, decreased D-dimer values in patients with arrhythmia probably resulted from warfarin therapy, at least in some cases [40, 41] . D-dimer levels on hospital admission were significantly increased in patients with a three-month modified Rankin Scale score of 3-6, compared with patients with a three-month modified Rankin Scale score of 0-2. The explanation for this study finding is likely to be due to an increased prothrombotic state in the location of thrombus formation, for example, in the left atrium, damage to the vascular wall, and tissue around the occluding embolus and, of course, due to intravenous thrombolysis therapy [42] . In this study, comparison of the plasma levels of vWF, and some selected components of the extracted thrombi, showed that plasma vWF levels were significantly correlated with the increasing vWF content of the embolic thrombi, a finding which 3943 has been previously supported in studies that have shown vWF levels to be an independent risk factor for thrombus formation and stroke [43] . Embolic vWF content has also been shown to correlate with platelet count and fibrin levels, possibly because vWF at the site of the incipient thrombus can capture larger numbers of activated platelets [43] . These findings are in agreement with reports of larger platelet-rich areas in embolized thrombi (39% versus 19% in thrombi in the left atrium) and platelet-rich emboli extracted from the cerebral arteries of stroke patients [44] [45] [46] [47] . Previously published studies have also found a high fibrin content in peripheral artery thrombi and increased expression of platelet factor XIII (F13A1) in thrombi from the left atrium compared with embolized thrombi, confirming the role of platelets in the stabilization of fibrin thrombus [48] .
Finally, in this study the amount of vWF in embolized thrombus correlated with CD31 immunopositivity, which correlated with thrombus neutrophil content. Larger amounts of vWF around the nascent thrombus could bind larger numbers of neutrophils, recruited to the activated endothelium [49, 50] . Co-expression of fibrin and NETosis has previously been demonstrated in arterial thrombi in patients with ischemic stroke [51] [52] [53] .
Conclusions
In this study population, with cerebral artery thromboembolic occlusion leading to acute ischemic stroke, mechanical thrombectomy resulted in an increased Treatment in Cerebral Ischemia (TICI) score of 2-3 for the outcome of vessel recanalization in 89% of patients, and good clinical outcome was shown by a three-month modified Rankin Scale score of 0-2 in 47% of cases. Patients with worse clinical outcome had significantly increased levels of von Willebrand Factor (vWF) and the vWF: ADAMTS13 ratio was significantly increased in patients with a worse outcome at the time of onset of ischemic stroke. Increased plasma levels of vWF were associated with vWF-rich thrombus from cerebral arteries of patients with stroke, which were also platelet-rich, fibrin-rich, and neutrophil-rich. Patients treated with or without intravenous thrombolysis did not differ in terms of the three-month modified Rankin Scale score for clinical outcome.
